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THEBMAL THSSpEI. Off .QOMBUSTIOH A^ BXPLOSIOIT* 
By N. N. SefflenoT 

IKTRODUOTIOIT 



lix liis « Ont lines of Dynamic ChemiBtry" of 1884, 
ran't Hoff formulated the basic laws governing the prog- 
ress of simple chemical reactions. For t^e case of mutual 
interaction of two sets of particles, the velocity of re- 
action is proportional to the numher of collisions between 
the molecules - that is, to the square of the number of' 
molecules per unit volume, if the reaction is between th6- 
same kind of molecules (SClgO = 8Clg + Os)i and to the 
product of the numbers of molecules if the reaction is be- 
tween molecules of different kinds (Hg + Ij3 ss 2HI). 
Van't Hoff denoted reactions of this type as bimolecular 
(or reactions of the second order). " • • 



In the case where the molecule breaks up in the in- 
terval- of free flight between Impacts (CHsraCHa = CgHe + Ug ) , 

the reaction velocity will be proportional to the- first 
power of the number of molecules per unit volume. Reac- 
tions of this tyjpe, van't Hoff denoted as monomolecular (or 
reactions of the first order). 

The constant of the reaction velocity increases with 

_ B- ■ . 

thf temperature, according to the exponeiitial law e 
where T 1^ the absolute temperature, H- this gas con-, ' 
stant, equal to 2 cal/deg, and E a magnitude which i s ' ' 
characteristic of each reaction ( determining- the- rate of 
increase of the; velocity with' the temiperature) . Arrhenlus, 
some years later, demonstrated in' greatjSr detail thp cor- 
rectness of this t emperature law and.gave - a simple explana- 
tion, based on the kinetic theory, of the magnitude B, . 
which he called the energy of activation. He assumed that 
not all molecules took part in the reaction - only. those 
in an active state - the energy imparted to: a molecule in; 
the active state being greater than a-' certain' amount B. 
According to the Bbltizman law, the number . of active mole- 
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culo8 constitute a fraction e of the inactive mole- 

cules. It follows that the velocity of reaction expressed 
in terms of the number of reacting molecules per unit time 
per unit volume will Tj^i 

■ ■ -1- 
dx / \^ " ET 

where n » 2 for 'bimolejcular and n = 1 for monomolecular 
reactions. (x is the numher of activated molecules at a 
given instant t.) At the start of the reaction when 

E 

X = 0, Wq ~ ® • number of molecules of 

the initial substance per unit volume at the start of reac- 
tion.) The constant k for bimolecular reactions is, ev- 
idently, equal to y^ir ty^ u where cr is the diameter 

and u the thermal velocity of the molecule. In the case 
of monomolecular reactions k c u x^here u is the number 
of vibrations of the molecule for the type of molecular 
bond that is broken - that is, a magnitude of the order of 

10^=* - 10^"*. 

Five years ago Byring, on the basis of modern statis- 
tical methods and data on the structure and energy of the 
molecule, considered this problem {theory of an activated 
complex) and for simple cases arx^ived at practically the 
sane result as that given above. For more complex mole- 
cules entering bimolecular reactions, he showed the possi- 
bility of a small sterio factor appreciably decreasing the 
magnitude fc and gave a method for the approximate evalua- 
tion of this factor. For monomolecular reactions, Byring 
showed that in certain (very special) cases the constant k 
may exceed the value 10^*, the value, however, remaining 

lo''^ - 10^* for most actual processes. Thus, for elemen- 
tary reactions, the theories of van't Hoff and Arrhenius 
have retained their full validity up to the present. In 
the light of recent developments, however (in particular, 
tho theory of chain reactions), the actual processes in- 
volved are more complicated than appeared to the founders 
of the early theory. The elementary stages of a complex 
reaction (with various intermediate products) follow the 
laws of van't Hoff and Arrhenius, but the reaction as a 
whole often follows laws very different from the simple re- 
lations for bimolecular and monomolecular processes. A 
law of wide application, .for example, for the initial 
phases (20 to 30 percent), of the transformation in a large 
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numljor of exothermic reactions, is w = Ae^ where cp de- 
pends on the concentration of the initial substances and 

E 

increases as e with the t emperature . In: this case, 

the velocity of reaction as a function of the concentration 

of initial substances is ^ = w = kx; that is, the veloc- 
ity of reaction in its first phasiss is proportional to the 
quantity of the substances reacting at the given instant 
of time. In many oases this law may be generalized for 
the entire transformation process in the form 

, E 

w = fc (a - x) X © ^'"^ 

Such laws are typical for the majority of thermal re- 
actions in oxygen and air. In many cases the velocity of a 
complicated reaction depends on the square root of the con- 
centration of one of the different kinds of molecule tak- 
ing part in the reaction. Thus, for the reaction of hy- 
drogen with bromine 

• _ J_ 

•w = kCHs) y (Bra ) 

where the symbol in parentheses indicates the number per 
unit volume of the molecules indicated. 

Oases are encountered, however, where the complex 
reaction formally leads to the sane type of laws as for 
simpls monomole cular and bimolecular reactions, although 
the meaning and magnitude of the constant k is now dif- 
ferent and the energy of activation B is made up of the 
sum of the energies of the elementary processes constitute- 
ing the complex reaction. Thus, the disintegration of 

many organic substances is formally represented by the law 
E 

w =: kae IIT ^ -5^^ there is no doubt that this reaction 
follows a series of monomolecular , bimolecular, and tri- 
molecular stages. Fortunately, for all our considera- 
tions below, we require only the formal, experimentally 
obtained expression for the reaction velocity as a func- 
tion of the initial concentration and temperature, and 
therb is no nieed for knowing the actual mechanism of the 
process . 

The mathematical treatment of the results is most 
simple for those cases where we deal with formal laws of 
reactions of the first and second order; hence we shall 
consider these mainly. 
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After the atove "brief remarks on the chemical kinetic 
theory, we now pass to the suhject proper of onr paper, 
namely, the present i5tate of the thermal theory of combus- 
tion and explosion. It may fee remarked incidentally that 
these phenomena are so widespread, so intensively utilized 
In engineering practice (Cheating, internal- comhustion en- 
gines., explosives) that the theoretical principles under- 
lying combustion and explosion should be iaade part of a 
general course of physical- science instruction together 
with courses. on heat conduction and thermodynamic cycles. 
The reason for the absence of these subjects in the gen- 
eral course may be ascribed to the lack of scientific anal' 
ysis of these phenomena.. Within the last ten years, hoi/- 
ever, mainly as a result of the v/ork of Soviet scientists 
on the fundamental principles of the theory of combustion 
and explosion, a start has been made tov/ard filling the' 
gap. As i;e shall see belo^^, the tlieory of these phenom- 
ena is not. fundamentally complicated and is in a form that 
may Vbe' successfully presented to students. Unfortu- 
nately, in the existing literature on the subject, there 
is only one attempt at a systematic presentation of the 
theory of the above-mentioned phenomena on the basis of 
our iirork and the work in foreign countries. That is the 
recently published book by Jost (reference 3) . Eo such 
book exists in the Russian language. iPor this fact the 
author and his coworkers are to blame inasmuch as v;e are 
responsible to a considerable extent for the theory, The 
present paper is an attempt - at least, partially - So 
make good the defect by outlining briefly the theory of 
combustion and explosion. Of course, the q_uestion as to 
the necessity for a detailed monograph on this branch of 
science still remains. 

The (luestion as to the nature of the self-^ignltion 
phenomenon that occurs in a combustiblo gas \irith rise in 
temperature up to the " solf-ignit ion temperature" was,, 
first considered by van't Hoff in 1883 in his before- 
mentioned book "Outlines of Chemical Dynamics." In that 
book Van't Hoff gives a generally correct qualitative for- 
mulation of the causes of thB phenomenon. We shall here 
quote from the corresponding section of his book: 

"One of the conclusions of the preceding chapter de- 
serves special attention since it is in apparent contra- 
diction with the phenomenon of ignition. The experiments 
just referred to on the effect of the temperatures on the 
velocity of reaction lead to the assumption of the conti- 
nuity of this phenomenon, a continuity derived both as a 
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result of the' experiments descrlTJod and the theoretical 
considerations to xirhich I referred, tChe phenomenon of ig~ 
nitioh,. hov/eyer , '; occurrin suddenly at a given tefflpera- 
ture, apparently shows that the assumed con'tlnu'ity'^ of the- 
process admits of an exception. Meyer, for example, in 
regard to this q.uestion, expresses himself iks follovsi 

*Ihe start of the reaction may, in genera^ ' he consid- 
ered to "be the instant of loxirest temperature at which a 
definite chemical transfer m-at ion still takes place and 
which' is generally' denoted as the ignition point -when ■ . ' 
dealing with comhustlhle suh stances," 

We find here 4n ohvious contradiction to the consid- 
erations on the effect of = the temperature on the velocity 
of reaction. Actually these considerations exclude ahy ■ 
sudden accelieration and req_uire that the dhemical change,, 
if ..osicurring at ' a given 'temperature, should occur also at 
other temperatures, though at a different velocity, .- 
Closer examination of the vprohlem shox/s that the ignition 
phenomenon in no way req^uire.s the existence of a definite 
temperature at. which the reaction "begins. In this case 
the phenomenon fits in completely with the theory devel- ■ 
oped ahove , 

This reasoning is 'based on three conditions which 
should he satisfied for every chemical transformation ca- 
pa'ble of leading to ignition. Before presenting these 
conditions, I may remark that under the term 'ignition' 
I understand not. only the explosive phenomenon hut the 
entire transformation which occurs with a local rise in 
temperature up to the so-called 'ignition temperature.' 
In every phenomenon of this kind we see that the following 
cbnditions are satisfied! 

r, 'The transformation is accompanied hy heat lih- 
■e'r'atlon -,' 

2, Ihe transformation occurs -at a more or less 

slower ■ rate at temperatures lower than the - 
. ignition temperature, 

3 , The transformation is accelerated with increase 

in -'the-- tempera-ture.- 

"With the^e three' cdiiditidns satisfied a phenomenon 
such as ignition can occur. In order to Sibw this* let' us 
suppose that at a certain point of. the medium not suhject 
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to chemical . change -, for example,, the atao splieric,. air .r.. 
the temperature is raised frpm . 0 to 3!. When, the. heat ,. 
souyq? I'S- removed th9 temperatiire rise will gradually 
spread as a kind,: of heat v/aye ^ Thi s , va.Ve will "be propa- 
gated with a, definite . velocity , the temperature dropping 
more anid more- to- zero. ,5Jh.e graphical presentation of the 
relation Tjetween the temperature and the distance from the 
starting point 0 is ^iven, /by the curve Tj^A^^ (fig, l) - 

temperatures "being given along OS: • and distances along 

OD. Por ./briefness xve shall denote hy AT the decrease in 
temperature . in the heat . \irave a short time after the 'start, 

"J7e shall now suppose that tn the medium considered, a 
chemical change is possi'ble and. that it satisfies the three 
conditions alJove - suTsstituting, for example, a combusti- 
ble mixture for the atmospheric air. The local increase 
in tSBiperature will then give rise to the aTJove-de scribed 
wave, v/ith this difference only, that the temperature xsrill 
decrease at a slower rate on being propagated, especially 
at the start, because the chemical change brought about by 
the rise in . temperature .result s in heat liberation.. SChe 
value of AT is thus decreased and the graphical repre-' 
sentation of the heat wave for this case is that given by 
curve T^Aj^ (fig. 2) , . 

"We sliall now determine the effect of a rise ,in tem- 
perature in both cases. As regards the medium, not sub?- • 
Ject to chemical action (atmospheric air), wkat occurs, 
simply is that in. the heat wave the lo\irering of the tem-r. 
perature AT v;ill. be greater (as .indicated by the curve 
TgAg (fig. 1)) due to the greater differences in tempera- 
ture betvreen the xirave and the medii?.m in \irhidi it is prop- 
agated. The assumption of the possibility- of. chemical 
change (combustible mixture) leads simultaneously to this 
effect, by vrhich AT is increased, and to the other ef- 
fect,; by v/hich AT is decreased . In fact, the, chemical 
reaction, accelerated by the higher temperature of the 
iirave , will in this case give a greater heat liberation. 
Thus, if the slov;ing action prevails, the value of AT 
will decrease vrith rise in the temperature. 

"With the above facts in mi-ad, v/e can predict that 
there is a certain ,t emperature Tg (fig. 2) for v/hich the 
value of AT becomes zero or, in other words, the tem- 
perature at which the heat wave is propagated is constant 
as indicated by the horizontal 1-ine T^Ag in figure 2, 
In exactly the same manner a still higher initial tempera- 
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ture Tg gives rise to a heat wave whose temperature, in- 
stead of decreasing, increases to a value at which the 
complete chenlcal. action can occur.. Such a process is in- 
dicated by the curve TgAg (fig, 3.)."' 

"It is evident that waves with decreasing temperature 
give rise .to only a very • small chemical action while waves 
with increasing temperature lead to complete chemical ac- 
, tlon. OonseoLuently, the temperature which gives a 

constant temperature wave correspondB. to the ignition., tem- 
perature, 

"It would not "be difficult to express all that has 
"been said ahove "by a mathematical formula hut I prefer to 
express the result as follows: The ignition temperature 
is that temperature at which the initial loss in heat due 
to heat conduction, and so forth, is equal to the heat 
liherated at the same time hy the chemical transformation. 

"Prom the ahove. considerations it appears to me that 
the ignition phenomenon is completely accounted for "by 
the effect of the ■ temperature on the velocity of reac- 
tion." (See van't Hoff's "Outlines of Chemical Dynamics." 
pp . 111—113 . ) 

Although- van't Eoff here gave no quantitative formu- 
lation of the. ignition phenomenon and even his qualita- 
tive treatment is far from accurate ,. nevertheless he did 
correctly estahlish the physical nature of the phenomvenon. 
He was the first to show that ignition is the result of a 
reaction v/hich - if a certain amount of heat is li"berated 
(that is,: if the mixture, is heated to the ■ corresponding 
temperature) i.n order .that the heat may not he "be con- 
ducted fiway TTy . the \mlls - leads to an ahrupt rise in 
temperature and velocity of reaction, a process which \fe 
denote .as explosive . There is thus no contradiction be- 
tween the phenomenon of self-ignition and the continuity 
of tke change in velocity of reaction with temperature 
rise. The phenomenon of self-ignition is the result of 
the dependence of the speed of reaction on the temperature 
if account is taken of the heating which arises in exo- 
thermic reactions and which leads to a change of tempera- 
ture v/ith time. 

It is a curious fact that for forty years the viex/ 
held by van't Hoff on the nature of self-ignition was not 
inathematieally formulated in any clear manner - this in 
spite of the fac-t that the concept of . ignition tempera- 
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ture v/as very often made use of as a certain constant of 
the suTsstarice (for example, in the theory of flame propa- 
gation), although from the analysis of van't Hoff and 
from experimental determination of this magnitude, it was 
evident that the ignition temperature is not a constant 
■but depends on the conditions under which the heat is 
li^berated. 

In 1927-28 the author succeeded', "by very simple means 
in giving a mathematical formulation to the theory of 
van't Hoff (reference 3), The author at that time was un- 
familiar with the work of van't Hoff and arrived at his 
conclusions by the method of analogy - applying his re- 
sults and those of A. F. Walter in the field of dielectric 
breakdown to" the ignition prohlem. It is. very instructive 
to note liov; the same physical factors and considerations 
may he applied to quite different natural phenomena. Tor 
this reason I should like to dvrell "briefly on our vrork on 
the thermal puncture of dielectrics. The . conductivity of 
a dielectric increases vrith the temperature according to 
the same law that governs the speed of chemical reactions. 
When a voltage is applied to a dielectric, then according 
to Joule's lavr, heat is developed which is proportional 
to the conductivity times the square of the applied poten- 
tial difference. On increasing the potential difference' 
the amount of heat developed may hecome so large, however, 
that the thermal . e qui lihrium is upset. The dielectric 
then hegins to heat up gradually, as a result of which 
the electrical conductivity increases and still more heat 
is developed until finally the flow of heat is- so great 
that the dielectric melts and evaporates, that is, it 
punctures. The ahove considerations are the physical ba- 
sis of the thermal theory of dielectric hreakdown - very 
similar, as we see, to the thermal theory of explosion. 

An essential difference, how^ever," is constituted hy 
the fact that the dielectric does not all melt "but the 
puncture occurs along a narrow, cylindrical channel in 
the form of a filament hetireen the two electrodes. This 
led Wagner, who in 1910 first presented the thermal theory 
of dielectric breakdown, to formulate the theory incor- 
rectly. (He considered the heat liberated, not in the 
electrodes, but in the dielectric along the surface of the 
channel through which the puncture occurs.) Walter, Pock, 
"the author in Russia, and Eogovsky in G-ermany, independent- 
ly of one another, first formulated the correct thermal 
theory of dielectric breakdown. 
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• The explanation for the filamerLt-shaped puncture was 
as follows:. We assumed that the dielectric was all heat- 
ed ,137, the current and that the heat was given off chiefly 
at the electrodes ♦ ' As a result , howeyer^ - of the >small,,. 
temperature, gradient in . the planes parallel to the elec- 
trodes the 'breakdown of the thermal eciuilihrium first oc~ 
curs at the center where . the temperature is greater -. 
though "by a small amount - than that at the edges. As 
soon as the ahrupt increase in the temperature in the cen- 
tral part of the dielectric starts, the electric conduc- 
tivity increases so rapidly. that the potential difference 
on the electrodes drops automatically* as a result of 
which the remaining parts of the dielectric are not punc- 
tured. Only in this circumstance is there a difference 
hetween dielectric puncture and thermal ezploaioni This 
difference does not, hovrever, concern the conditions under 
which "breaidown in the thermal eciuilihrium occurs hut re- 
lates to the manner in which the phenomenon develops after 
the breakdown of eq^uilihriura has already occurred. A num- 
"ber of considerations led to the conclusion that in the 
case where the initial electrical conductivity is large 
and puncture occurs at a low voltage, the conditions for 
the formation of a filament-shaped puncture become less 
favorahle and we may then directly ohserve the TDreakdown 
in eouilihrium throughout the dielectric leading to melt- 
ing and Vaporization of a considerahle portion of it. At 
sufficiently high temperatures in the dielectric "breakdown 
of rock salt a oonsiderahle portion of the suhstance is 
actually vaporized and the-punctur ed hole is ahout the 
width of a finger. For gelatine this phenomenon may he oh 
served at room temperature. 

r.rom the mathematical formulation of the theory a 
numher of results were arrived at. (The temperature coef- 
ficient of the puncturing voltage should he eq.ual to half 
the temperature coefficient of the electric conductivity; 
the puncturing voltage should drop according to adefinite 
law as a function of the change in thermal conductivity* , 
electrodes, etc.) All these results were strictly con- 
firmed hy the tests of Walter and Ihge, hy whoa the ther- 
mal theory, of dielectric hreakdown was finally estahlished 

When the author in 1927 interested himself in the phis 
nomenon of. explosion, he immediately discerned the analogy 
of this phenomenon v/ith that of thermal puncturing- of di-- 
electrics. If, during the 'breakdo^irn, the amount of heat 
generated "by the current per unit volume is equal to 

E_ E . 

q, = 0.24 oTq e '^'^ V®, where (Jq e~ ^ is the electric 
conductivity, V the applied voltage, then for a chemical 
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reaction the same magnitude is equal to q = Q'w = Q'kae 
where is the heat considered for 1 molecule of the 

product, a the numher. of molecules of the initial suh- 
stance per unit volume ( i .e ., a magnitude proportional to 
the gas pressure). Thus in the case of dielectric punc- 
ture, if we can find a relation "between the puncturing • 
voltage and the temperature we should, in the' case of self- 
ignition, ohtain a relation between the self-ignition tem- 
perature and the gas pressure. 

Below we shall present the heat theory of combustion 
and explosion, dividing the work into three parts: l) the 
thermal theory of self-ignition, 2) the theory of igni- 
tion "by hot bodies, and 3) the theory of flame . propaga- 
tion; and shall illustrate the theoretical with the exper- 
imental results - few of which, however, are available. 
The entire theory was developed over a number of years at 
the Institute of Physical Chemistry by Semenov, Todes, 
Zeldovioh, Jrank-Kamenet sky , and partly by Belaev, Appin, 
and Ohelkin. The experimental Illustrations are taken 
from the investigations of our institute (Zagulin, Heimani 
Eoginsky, Belayev, Appin, and others), and from the work 
in other countries. 

The present paper is concerned only with thermal ig- 
nition and combustion, and no treatment is given of the 
general and very 'interesting subject of chain self-igni- 
tion and the propagation of flames, to which subject a 
separate article will be devoted. 

I. THEEMAl SELF-IGiriTIOII* 



In a reaction in the gaseous phase with velocity w, 
measured by. the number of molecules of the product appear- 
ing per second per unit volume, the amount of heat given 
off p^r second in the entire volume v . of the vessel is 

q.^ = V .Q' w . 

where V is the heat liberated by each elementary proc- 
ess of the reaction; that is, Ci' = Ci/N, where is the 
heat of the reaction for one gram-mol of the product, and 



*The- entire theoretical part is based on the work of 
Semenov, Todes, and Prank-Kamenet sky (references 3, 4, and 

5). 
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IT the Avogadro riumljer (il = 6 X lO^'*) . As has "been sliovm, 
the velocity of the reaction at the initial stage as a 
function of the ahsolute temperature T and the aumher of 
molecules • a- of the initial sutetance per unit volume is 

B _3_ ■■ - 

equal to \-T = kj^ae -^^ for monomolecular, and kga^e 
for "bimolecular reactions, so that 

■ E 

... - . U.) 

where for monomolecular reactions n ss 1, and for "bimolec- 
ular" reactions n.= .2. 

The amount of heat conducted away "by the v/alls of the 
vessel v/ill "be 



= X (I - To) S (2) 



where X is the coefficient of heat conductivity, 3? the 
temperature of the reacting gas, the vessel-wall tem- 

perature applied from the outside, and S the area of the 
walls. 

Figures 3 and 4 shov.'- q_x and cls as functions of the 

temperature. Figure 3 corresponds to the case vrhere the 
vessel v/all is suhject to a temperature and the pres- 

sure of the reacting gas changes -that. is, the magnitude 
a in formula (l). Curve 1 corresponds to the smallest 
value ■ of a, namely, a.^; curve 2, to a medium value ag ; 
and curve 3, to the largest Value aj. For a = aj^ th0 
gairi in heat q^^ is at first larger than the heat loss qs. 
As a result, the gas vrill /be heated to a higher temperature 
than that of the walls of the vessel. This situation con- 
tinues, however, only up to the instant that the temperature 
of tlie gas reaches a certain value T\ (intersection of 
the curves and q-g) where qj_ = qg , Beyond this point 

the gas v/ill not further heat up hecause for T > T • i the 
heat conducted away, q^, i.rill "be greater than the heat 
gain, qj^, and if,: for some reason, the gas temperature 
were to hecoiae greatex than T'li it would again cool dov/n 
to'the sane temperature Thus for the case consid- 

Only in the ca,se where we artificially heat the gas (for 
ezaniple, hy adiahatic compression) to a temperature higher 
(Continued on p. 12.) 
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.ered> tho reaction does not lead to self-ignition and the 
action is limited to the heating of the gas up t 6 the tern- , 
peratur'e T ' - somewhat higher than that of •the- walls of 
the /vessel. ■ ' '■' ■ ' " 

• ■ For. the same, teaiperature Tq, if the pressure in the 
vessel were increased to a suf f ici eatly high degree or, 
what amounts to the same thing, for a sufficiently high 
value a = a^, q.i as a function of tho temperature will 
"be given "by curve 3, which at no point intersects the 
straight line q.3 . In this case tho heat gain is at 

all temperatures greater than the heat conducted away q^ , 
and thus the gas will he* continually heated, the reaction 
velocity will increase more and more, and we shall then 
have explosive reaction. Hence for a = a^i thermal 
self-ignition will take place. 

Curve 2 for a = ag touches the straight line 
at one point, and thus separates the region of stationary 
reaction from tho region of self-ignition. The magnitude 
Eg or the pressure corresponding to it, pg , defines 
the critical pressure of self-ighition for a given vessel 
temperature '^q' 

If, keeping tho pressure of the gas constant, the 
• : . . . (1) (3) 

wall temperature is varied Tq < Tq < Tq , the hehavior 

of tho gas will he represented "by figure 4. Wo now feiavo a 
single curve of heat gain and three straight heat-loss 

lines corresponding to three wall temperature s . ^ By tho sane 

considerations as ahove wo nay show that for Tq <Tp no 
self-ignition occurs; for fj^*) > T^ self-ignition does oc- 
cur. We denote the temperature Tg at which the curve q^ . 
is tangent at one point to the straight line qg as the low- 
est temperature of self-ignition or, simply, the selfr , 
ignition temperature for the given pressure p. The point 

(Continuation of footnote from p. ll) 

than the second point of intersection T'3 does q^ again 
hecome greater than qg and explosive reaction is again 
possihle. This second point of intersection does not give 
a stahle value of the temperature, for if T is- slightly 
less than I's, the temperature drops to T'^, and if T 
is slightly greater than T'si explosion occurs. Thus 
this second point of intersection is of no significance in 
tho theory of self-ignition and is of interest only in 
questions of artificial ignition associated with heating 
of the gas. 
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of tangency of and corresponds to the tempera- 

ture T^; the difference AT = Ti - Tq we shall denote 
as, the preignition heating. Between the temperature of 
self-ignition and the pressure (or the numher. .a) ..o.f— the. 
mixture, an analytical relation may "be derived "by making 
use of the fact that at the point of tangency (for T = T^) 
^1 = Is and also their temperature derivatives dq^/dT = 
dqg/dT; that is. 



V Q k a^ e- 



V q k a E ^ 



= X (Ti - To) S (3) 

,T; 

e = X S 



Prom these two equations we can, first of all, find the 

temperature Tj at the point of contact as a function of 

the vessel-wall temperature Tg. Eliminating from 
"both equations, there ame obtained: 

^ = iFJ - "^^^ °^ ^ - + To = 0 



Tj = 



2 S 



It is to he noted that for the majority of reactions 
of interest to us, RTq/B is a small magnitude not gener- 
ally exceeding the value 0.05. The self-ignition tempera- 
ture is generally helow 1000° K, and the activation energy 
E is usually greater than 20,000 calories where, for a 
low value of E, we have a low ignition temperature and, 
conversely, for a high value of E, a high ignition 
temperature. The solution with the positive sign of the 
radical should he disregarded because then T^^ hecomes ^ 
equal to E/E _ that is, has a value of the order of lOPOO 
and ahove,* and because the solution with the negative sign 
corresponding to the point of tangency on figures 3 and 4 

*The two signs occur because the function e~^/^^ has a 
point of inflection for very high temperatures and for 
T — 3>oo approaches unity. Hence the straight qg lines, on 
being extrapolated to some tens of thousands of degrees, 
intersect the curve q^ a second time (no* shown on fig. 3) 
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gives a quqIx lower temperature ^x- ^Piius*, 

V-,.,.. -, . 3| . 

For < 0.05, xire may disregard the terms of the series 

starting with 4(^) » therehy introducing an error of the 
order 

2 (^)^ 10055 < 0.0025 X 2 X lOO^j = 0.55$ 

of the measured value T^. 
Ihus, 



and 



ATi = Ti - To = (5) 



The Value AT, for the case v/hen it is knov^-n that ignition 
does not occur (the temperature Tq is helovr the self- g 
ignition temperature), will always he less than AT^ = -^^o . 

ETq® 

Thus if the increment AT is less than , explo- 

sion is impossihle and, conversely, if AT > STq^/S, ex- 
plosion should take place. 2'or different values of T^ 
and activation energy B, the value of AT^ vrill he dif- 
ferent hut tJiose cases of interest to us will never, as a 
rule, exceed a few tens of degrees. Thus, for example, 
for Tq = 700° E and B = 30,000 calories ATi = 00°; for 
Tq = 700° E and B = 60,000 calories AT^ 16°. Me thus 

AT RT 

see that tne ratio —r-— ~ is alvrays small (of the or- 

der of a fevr hundredths). We shall therefore in v/hat f ol- 
io V7S, assume: 
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Substituting the value found for Tj_ in ecLuation (3), we 
oTitain the coadition of self- ignition 



01- setting ii±i =._^ and neglecting on the left 2 

in comparison with unity (which corresponds to an err^or In 
the Value of a less than 10 percent), we ohtain th^\„coa- 
dition for self-ignltioii in the form " 

q V ka^ E e ^. - (g) 

The numher of molecules a per unit volume is connected 
with the pressure expressed in millimeters of mei-cury "by 
the .folloiiring relation: . 

p = iM. dyn/cm« = sM lo"^ har/cm^ 

= 10"® X 750 mm Hg/cm® 

where E « 83,15 x 10® ergs. Hence, 

p = aT 10^^, ■ a = I lO"^^ (7) 

Substituting in (6) we obtain a relation between. the pres- 
Bujpe p of the gas and the temperature of .self-ignition 



- - ® 

^ V .k p "^ B e lO ' 

■■o 



- e = , 1-; 



jfgj o'^n 



lg_JBL_^ = + B, where A ^ Q^^ISM. (a) 
.1+1- -^o . ^ 

■ ff- ■ • - •••• ■ .. 



^1 ^ ■ HEXS 

B = - Ig b, b = 5^ 

^ qvkeE 10^* 
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•For 'n-£'l --:;lg = — + s 0.217 3 ' - (9) • 

ffor n = 2 ig -4- = -^ ,+ .B, where A = 0.11 E (lO) 

In. the case of a-bimolecular .reaction loetween two- com- 
ponents of the compound - for example, hydrogen and chlo- 
rine- all formulas remain the same except that the magni- 
tude a (the numher of Hjg and Olg molecules in 1 cm^* ) 
is multiplied hy. the product 7 (l - V) whore V and 
1 - Y are "the fractions of the two . component s , respec- 
tively. Moreover, the heat conductivity will change with 
change in composition of the compound. 

¥e shall give some examples confirming the ahove eoua- 
tioh. Figure 5 shows the results ohtained "by Zagulin (ref- 
erence 6) for the decomposition of OlgO, Ig p/T , where 
Pj^ is the pressure at which self-ignition occurs, being 

plotted against 1/5?, the reciprocal of the absolute tem- 
perature of the apparatus. (Zagulin plotted as ordinate s 
Ig p/T and not Ig p/T . However, as is easy to show,, in 

the temperature interval considered the curve Ig p/T^. as 
a function of l/T is practically a straight line which, 
to a first approximation, is parallel to the jst-raight line 

le (^) against i.) 

The decomposition of 01^0, according to Hinshelv/ood 
(reference 7), is "bimolecular where "B = 21,000 - 22,000 
calories. Zagulin obtained for A (see formula (9)) the 
value 2500. According to the theory and results of Hlnshel 
wood A should he equal to- 0.11, B = 0.11 x 22,000 = 
2400, in good agreement with experiment. 

Figure 6 gives the results of the same author (refer- 
ence 6) for the self-ignition of a mixture of hydrogen 
with chlorine for various percentages of the components. 
As might have been expected, Ig p/Z and hence with suffi- 
cient accuracy also Ig p/T^, varies linearly with the re- 
ciprocal of the absolute teraperature , all of the straight 
lines being parallel to one another, that is, correspond- 
ing to the same value of the constant A. Ihe latter was 
found' to equal. 2600 to 2900. 
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. On investigating the kinetics of the reaction + 
Oig for the temperature 305°, Piece showed that the reac- 
tion was himolecular (Telocity proportional to the product 
t"Hg) (CI3)). "In this case ."from the data, of .Zagulin, we" 
obtain A = 0.11 B or E i= 2750/0.11 = 25,000 calories. 

Christiansen gives for the energy, of activation of 
this reaction the value 25,000 to 30,000 calories. Prom 
the datd of Piette (reference 8), the result oMalned . i s 
th^t the activation energy is equal to 20,000 to 25,000 
calories. On figure 7 is given the curve of Ig p/T' 
against l/T for the self-tgnit ton of azo:me-tiane according 
to Eice and Allen (reference 9). Curve 1 is for jnire azo- 
nethane, and curve 2 for azomethane diluted iirith helium 
(76 percent He in mirture) . The decomp-osition of a.zdme.th- 
ane is monomolecular . With incfeaae in the pre-ssure, how»- 
ever, the velocity constant increases somewhat, tending 
to^fard the limit for sufficiently high pressures. 

For this reason, it is. necessary to multiply the expres- 
sion for the critical pressure "by k/k^, and to plot not 
Ig p/Tq'^, hut Ig kp/^„3?o^ , as was done in figure 7. 

fhe dots on the figure correspond to the tests with pure 
azomethane, the small- crosses to the solution of azome-th- 
ane and helium (He 76 ;Reroent), and the circles to the 
mixture- \irith nitrogen (50 percent). The constant A v/as 
found to he 11,000. Computing B from E = A/0.217, the 
authors' ohtained 50,000 calories - that is, the same value 
(51,000) as that given hy Rice. .and -Ramaherger- (reference 
10) from, direct kinetic tests. 

As we have seen, there enter into the equation of 
self-ignition ( f ormiila- ( 6 ) ) hoth the parameters determin- 
ing the velocity of the reaction (constant k, activation 
enerigy E) and the thermal magnitudes (heat of reaction (I, 
conductivity X» dimensions of the Tefisel)7 The equation 
may Tse recast into a more simple form if these parametexs 
are grouped in the proper manner and converted., into magni- 
tudes easily determined from tests (Todes, references 4 
and 11), As one of these parameters determining the heat 
conduction, v/e shall choose the time constant of the reac- 
tion - that- is, the time tg, during which the initially 
heated (hut not react ihg) gas, due to heat conduction at 
the vails,' decreases in .temperarture hy e times the tem- 
perature difference (AT ss T - Tq) . The time te does — 
not naturally depend either on the magnitude of AT or 
on the ahsolute temperatujre T^ because the coefficient 
X does not depend -.oji . these . It can ea&ily he shown that 
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Where 0 is . the gram molecular Jieat capacity . . i ; " 

"We shall characterize the reaction velocity i>y a mag- 
nitude inversely proportional to it, namely, the time of 
the reaction tp, denoting by the latter the time during 
vrhich all the initial suhstance ' would have "been consumed 
by the' reaction if the latter occurred at a constant veloc- 
ity, namely, that which corresponds to the initial concen- 
tration of the heated gas, that is, 

■ *r = • ■ ' (12) 

ka^ e"^^^ . 

the value. of t^ can readily be measured. .For this purpose 
it is sufficient to observe the initial velocity of the re- 
action for a temperature not far from the self-ignition 
point, extrapolate the value obtained to the ignition tem- 
perature, and -determine tp by dividing the total number - 
of molecules of the initial substance per unit volume 'hy 
the measured initial velocity of the reaction . expressed by 
the number of molecules of the product formed per second. . 

It is easily shown that in this case formula (6) as- 
sumes the follo\iring simple form: 

te QBe ^ ^ 



or 



*r _ QEe 



(13) 



*We have:. 

vaO dT. - YS - «P "» 

Let be the initial temperature of the gas. Then 

. g - go XSITt 

or 

T - To = - Tq) C av 



hence .• *e " 



_ Cav 
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If T" ft -am' ' a tliermal self-lghition is impossible and a 

-■• ■ QEe 
-„ . stationary reaction takes place; if — E. < thermal 

self-ignition always, occurs. , 

We sh-all now consider in greater detail the question 
of heat transfer to the walls of the vessel. In setting 
cts = X (!F - Tq) S, we assumed that the heat is transferred 
"by convection. In this case the computation of X is very 
difficult. There are, hov^ever, a numher of tests on heat 
transfer, from which it can "be concluded that at gas pres- 
sures less than atmospheric and for the small dimensions, 
of the vessel such as are generally employed in self- 
ignition tests; and finally, for small values, of LT^, the 
pre-eyplo sion heating, the heat transfer process is very 
nearly that of conduction. Irank-Kamenet sky was the first 
to consider this matter and introduced into the theory of 
thermal self-ignition, .heat transfer hy conduction instead 
of hy convection. We shall here give an approximate deri- 
vation, referring those interested in the details of the 
solution of the prohlem to the article "by i'rank-Kamenet sky 
(reference 8). Our approximation will consist in the a,s- 
gumption that, although in the case of heat transfer "by 
conduction the temperature of the gas will vary at differ- 
ent points inside the vessel, the velocity is the same at 
each point and corresponds to the temperature H ^ - the 
mean hetween the maximum temperature at the center of the 
vessel- Tfflax the temperature Tg at the v/alls. Since 

the pre-explosion heating is not large, this assumption 
leads to approximately correct results. Let us consider, 
for simplicity, a vessel of infinite extent v/hose plane 
walls parallel to each other at the distance 2r are' at 
temperature Tq* Inside the vessel the reaction occurs 
with heat liheration per second per unit volume of amount u, 
which is the same for all points of the space hetv/een the 
Planes (as req^uired by the above-mentioned assumption) . 
• W*: shall take the x-axis perpendicular to the walls of the 
vesiael and for x = 0, shall take the plane passing 

through the center hetv/een the two walls. In this case 
we -can write down the differential equation of the hea* 
coii.daxi5tion 

X ^ + u = 0 

which, fpjc the initial conditions T^-^j, = -r - 



\ 
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and ^ = 0 for x = 0,, enables the temperature distribu- 

tioii to "be found inside the vesael. !Dhe splutlbh of the 
eq.uation. is 



At the center of the vessel the temperature T ' "rill he 

rp _ rn - i — r2 • 

■^max 0 z }^ 

The fiov^ of heat through the surface S of the vessel v/ill 
he . • 



= - A ( 



or-, expressing u in terms of '^tuq^x " ^o» . ' 

Substituting for Tjng^ the mean value T^ = ^^^2 ^ °^ 
^max = " we obtain 

da = S (Ti - To) = X S (Ti - To) , 

Thus X = 4A/r, v/hence it is clear that the solution is 
the same as it would, be for the case of heat transfer by 
convection except that for X there must be substituted 
4A/r. In the case of the plane-walled vessel v/S s.2r. 
Substituting x and v/S in expression (6), we; f^btain 
the condition for self-ignition in a plane-vralled vessel 
in the form 



qka^ee ^"^o Sr^ 
Scr = mT^^iX " 



or 



e„ = l£f||s:i_!!l = £ = 0.74 (14) 

STq e 



KAOA Techaioal Hemoraaduu Ho. 1024 



21 



If the computation is more rigorously carried out, taking 
into account the variationts in the velocity of reaction 
,at vari 0113 points inside the vessel then, as shown hy Prank- 
Ksimenet sfey," ffie ' cr of self- Ignition .for , 

plane-walled vessels v/ill "be 

=0.88 ' (15) 

Simiiariy, fpr a ; cylindrical ves8,el 

Scr 2.00 [ '■ ■■ 

and for a spixerical vessel 

vrhere r in the expression for Sqi- is .the radius of the 
cylinder or sphere. These expressions permit the compu- 
tation of the absolute values of the self-ignition temper- 
atures from the thermal and kinet:ic data. Unfortunately, 
there are very few reactions leading to self-ignition for 
v;hich the kinetics of the corresponding reactions are accu- 
rately known. 

The temperature of self-ignition of azomethane for 
various pressures \ja.Q computed 'by Prank-Kamenet sky from the 
kinetic data, the heat of the reaction and the dimensions 
of the vessels used. Taking >\ « lO"* g"^ sec""'' cm"-'', -he. 
compared the values computed "by formula (17) vrith the self- 
ignition temperatures observed by Rice and Allen (reference 
9). The same comparison was made for the decomposition of 
methylnitrate (likewise a monomolecular reaction) accord- 
ing to the data of Appin and Chariton (reference 13), the 
results given Ijelow helng ohtalned. 

As may he seen, the agreement between the theoretical 
and the experimental values is quite good, a fact which 
evidently shows the correctness of the assumption of ffrank- 
Kamenetsky as to the heat transfer by conduction in the 
pre-exploslon range.* 

On the ba,sis of the results of Volmer (reference 14) 
pn the kinetic decomposition of nitrous oxide, Frank- 

According to more recent values of the constiant fc- for 
the decomposition of azomethane, the agreement of the the- 
oretical v/ith the experimental values for this reaction is 
somewhat less favorable. 



(16) 
(17) 
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Kamenetsky computed that this gas io suh ject .t o .self-r.,- . 
ignition ."at "very .high temperatiLi'e.g - • -., ,- .■ 

7.eldoT.l,c-,li and Yakovlev .(re.fererice 1.5 ). actually ,,de.iiio.n- 
strated t'He self-ignition of JTs^* pTaserTe^d and qo.m- . 

puted temperatures of self-ignition "being found to "be in 
very good agreement. (See t.ahle.) .-. 



l)ecomposition of 
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azomethane 


methylnitrate 
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OH3 OH 
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\Je shall here consider another question relating to 
the absolute values of the self-ignition temperature for 
the cases of decomposition' of OlgO an-d the reaction • 



Ihe d'ecomposition of 01^0 is not a simple himolecu- 
lar reaction. It is expressed most nearly hy the auto- 
catalytic law 

^ .:■ • . « A. ■ " 

w s kx (a - x) e 

v/here a is the number of initial molecules and x is 
the nu3n"ber of reacting molecules. The reaction speed at- 

-■J- 

tains its maximum for x = a/2, for v/hich Vj^^^ = k^ e .^^ 
Thus the minimum self-ignition temperature is "determined 
not -by the initial speed of the process but by the maximum. 
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A3 we have seen, the maximusi speed in this case varies ac- 
cording to the timplecuiar process. This is in agreement- 
with the retmltfl of Hinshelwood (reference. 7):. A.s we have 
already shown, thel-activatioa ener,gy* .,,35„,. according to Hin- 
shelwboAf is 22,000 calories and the constant i is sim- 
constant of the "bimolecular process, where k = 
According to Einshelwoad, a = 4.8 x 10"^, 
Thus in formula (16) it. is necessary -to suhsti- 
tute k =.10"'^°. In place of a we must take a/2 and 
n = 2. The heat of decomposition of OlgO is (J = 22,000 
calories; X may he, taken approximately eq.ual to 5 x .10"® 

In his tests on the self-ignition of ^JlgO, Zagulin 
used a cylindrical vessel of radius r ~ 1 centimeter. 
According to formula (16), applied to a cylindrical ves- 
sel, we obtain 



ply the 
JZTT of u, 
k 10"^° 



• or 



- E r^- k a^ e 



ET 



E To X N 



a 2 



hence for CI3O, we shall have 



2.3X10'^X2.2X10*X10"^° 



22000 

T 



4X2 To 5x10 X6X10 



= 2 



(18) 



Since we have already found that the temperature de- 
pendence of the critical self-ignition pressure of OlgO 
ia in good agreement with kinetic data, it is sufficient 
for us to show that one of the values of the critical pres 
sure corresponding to any ignition temperature satisfies 
Condition (18). In this \/ay it will be shown that the air- 
solute values of all the test results on self-ignition 
may he computed from the kinetic data. Ve shall take one 
of the points obtained by Zagulin (reference 6): for T,= 

454° or i- » 22 X 10*"*, the critical self-ignition pres- 
sure is found to eq^ual 250 millimeters of mercury. The 
number of molecules per unit volume is therefore: 

■ ^ - 2.7X10^^X250X275 , ^ ^qIB 

760X454 

11000 11 poo 

e ^=e" = e"24-a , 10~^°-= = 3.2X10-^^ 
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hence 6cr ~ • Jatter value practically agrees with 

the value. 2 since an error in T oflO : to 15 is suffi- 
cient to compensate for this difference. Moreover, a small 
Inaccuracy in the maghitude E or ah error of two tines in 
the constant k or in the heat conduction &6efficient X 
can lead to the same deviation, 

We shall now analyze the reaction Hg + Clg, assuming 
that it follows the simple himolecular process. According 
to the results of Zagulia (reference 6), A « 2750; that is, 

B = —A— = 25,000 calories. Since vre here deal, with the im- 
0.11 

pact of tvro kinds of moleciiles, the total number of impacts 
hetv;een the Hg and Dig molecules per second per cuhic. 
centimeter v/ill he 



If mi is the mass of Es and m^, the mass of Clg, then 



mjg> > m^ and 



. . (B3).(ox=) (.2j_|.^)' ra^j 

Substituting E = 83.15 X. 10®, jaj (the molecular 
weight of Hg), 2, Ci = 2.4 X 10-8^ - 5 10-8, and 

T = 556° K, we obtain Zis = (Es) (Clg) X 7 x 10""^*'. (The 
velocity of reaction is then 

, „ , a 500 0 

w = 7 X 10"^° (Ha) (Ols) e 

0 

\vhich for T = 556 , gives: 

w = 7xlO'"^°(Hg)(Cls) X4X10"^° = 2.8xi0~^®(Ha)(0l2) 

0 

According to the results of Zagulin for T- = 556 , 
the explosion pressure is 200 ram (lOO mm Hg and 100 mm 
Olg): 

(Hg) = (Clg) = 3.7X10^^X100X375 , 1.8x10^^ molecules i^ 
^ 760X556 
1 cubic centimeter. 
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Q = 2.2 X lo"* 

■ ■>(« 

X = 3 X 1Q~* 



hence 



ft - 2 , 5X 1 0* X 2 . 2X 1 0"* X 2 . 8 X 1 0^^ »X3 . 3X1 6^ ° -as 

2,3x10 X3X10 -xexio 

xirhich is a value of the same order of mstgnitude aa the val- 
ue 2 reouired "by the heat theory. In. order that 2 might 
he ohtalned instead of 4«5, it would he necessary to place 
the Ignition temperature not at 564 hut at 540°, 

She reaction Hg + Olg is far from "being a simple hi- 
molecular reaction. Both hy analogy with the photochemical 
reaction Hg + CI3 at room temperature and in connection 
with the finding of a strong effect of oxygen traces on the 
thermal reaction, it is necessary to "consider this as a 
chain reaction. Xhe kinetics of this reaction has heen 
hut little investigated hut judging hy the detailed work 
of Piece (reference 8), the reaction formally follows the 
himolecular law. Using directly the data of Piece, set- 
ting E s 25,000 calories-, we ohtain on computing Sqj, a 
value 5 to 100 times smaller than 2. This in itself would 
not he at all surprising hut we cannot use the data of 
Piece hecause on extrapolating the straight line of Zagu- 
lin to the temperature 250°, which is the one used hy 
Piece, ve ohtain the result that at this temperature the 
explosion should occur at a pressure equal to 500-550 mil- 
limeters, vrhereas Piece, at these temperatures, ohtained 
velocity curves without any explosion at 760-millimeter 
pressure. Thus the reaction velocity of H3 + CI3 of 
Piece was several times slower than that of Zagulin, as is 
entirely possihle since Piece showed that there is a large 
variation in the velocity on varying, for example, the oxy- 
gen traces In the mixture. 

* ' ! — — — . 

Per atmospheric pressures from direct tests and the tests 
of Ishikawa (reference 16), it is found that the coefficient 
of heat conductivity X = 5X10""* = 4Vr, ^ = 1,25 r XlO"*. 
l"rith_lncreasing...teja.pej:ature up to 250° X, that is, \ = 
3x10" , gives the correct magnitude. Moreover, we ohtain 
this value if v/e set equal *o g * 
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It is assumed "by Piece that the thermal reaction. 
Eg + Clg is a chain process proceeding according to the 
following scheme: 

1) Olg + wall 01 + [01] (ahsorbed [CI] will react 

on the wall wi*h Eg o.r the material of the wall) 

2) 01 4- Eg = HOI + H 

3) H + Olg = HCl + 01 

4) CI + wall [01] ':• 

The reaction velocity according to this scheme is 
y « ilfi^ (Eg) (Olg). kg = kgoe^-Tnr-, where kg^, jpracti- 

cally agrees numerically with the value kj. = k^oe com- 
puted by formula (19)"; , fc4 does not- depend on the tern- .. 
perature ♦ ' ' 

Caking E '= 31,0.00 calories and 2kio/J^4 of the. or- 
der of 1 (v/hioh is very likely if "both magnittides are equal 
to uS/4t where u corresponds to the thermal speeds- -with 
which the Clg molecnles and ■ 01 atoms strike the wallj 
respectively), we formally arrive at the same simple "bi- 
moleoular law on which we hased our computation of the 
ahsoliite values of the ignition temperature and compared 
vrith the test values. 

Besides the above ntcnarical computations, a large 
number of qualitative facts is found to he in agreement 
with the thermal theory. Thus the mixing' of azomethahie 
with nitrogen changes only slightly the critical self- 
ignition pressure in correspondence with the fact that 
the heat conductivity of nitrogen is approximately that 
of azomethnne. On the other hand, the addition of helium 
very greatly increases the critical pressure of the azo- 
methane hecauae of the higher heat conductivity of helium. 
for the case of the reaction Hg .+ Olg, it was shown "by 
Zagulin (reference 6) that the minimum critical pres- 
sure .on Varying the components of the mixture is at about 
70 percent Clg. This at first glance contradicts the • 
bimolecular reaction! If we take into account, how- 
ever, the fact that the heat conductivity of 01^ is 
much less than that of Hjg , then it is understandable 
that the self-ignitian is decreased with Increase in per- 
cent Clg. On increasing the dimensions of the vessel. 
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the critical eelf-ignltion pressure drops as may "be expected 
from the theory, 

The self-Ignition condition, expressed in the form,, .. 
= nr,m » (see formula (13).) tor a- suffl cleat, degree of 

tg CRXq 

accuracy is also appllca"ble to the . ooaductive process of 
heat transfer. In order to show this it is necessary to 
compute the reaction times for plane, cylindrical* and 
spherical vessels* It is. here necessary to solve the cool- 
ing equation of a heated gas = ^ AT, where AT = 

Q ' Q ^ .OX* 

+ —i- + —-^ (X is the heat conductivity and c is the 
By dz 

specific heat of a unit volume of the gas). The solution 
of this eoLuation for the three cases is ohtained in 
form of a series • each term of which contains ef*-* », 
where is a magnitude rapidly increasing with increase 

in i. The time tg will therefore "be approximately 
1/pj^ vrhere p^^ is the first and smallest of all the , 

A well-knotirn computation (reference 17) gives for the ves- 
sel with plane walls separated at distance 2^ 

. 4cr cr / 

ffor the cylindrical vessel of radius r 

te = IsrJ ^ _crf_ (21) 
® ^tT 5,7 \ 

and for the spherical vessel of radius r . 

t = gy^, (22)* 

Remembering that t = — "—J- suhstituting te and 

tj. in condition (13), we ohtain: 

The specific heat of a unit volume of t'he gas ~c is con- 
nected with the specific heat of a gram molecule 0 "by the 
relation ^ ^ = C. 
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f or the- cyllndrlcaX vessel : • 6cj^ 2,1 (ins'beaid. of 2, com-. 
puted 'by Frahk-Kamenetsky) ; for the spherical vessel 6cr ' 
3.7 (instead of 3 .32, computed Ijy Frank-Eam^net sky) , 
(See fornulas (16) and (17) ,) 

Thus we may say that condition (13) is actually valid 
also for the case of heat transfer Tjy conduction for any 
shape vessel,- 

Relation (l3) is of great importance ia determining 
the nature of the self-igaitipn process. In addition .to 
thermal self-igait ion, there are cases of self-ignition 
determined. by aa isothermal acceleration, of the chemical 
process (chain ignition). It is not always easy to sepa- 
rate the one process from the other and expression (13) 
provides a good method for this purpose.. 

Ihus if the .reaction time measuijed directly at the ., 
igiition point or extrapolated for it 

,:< te (23) 

then the ignition is of a thermal nature. If, however., 

jind especially, if it is very much larger than this magni- 
tude, we may state with assurance that we are not dealing 
with thisrmal ignition but with a process of a different 
nature.* 

Me shall illustrate the application of formula (l3) 
with a fe\f examples. Let us Consider vrhether the reaction 



*In computing tg we assumed the heat transfer to be con- 
ductive. If, ho\7ever, it is actually conyective, the true 
value of te will "be less than the value of te in 
formula. Thus if we conclude that thermal explosion is im- 
possible at the computed value of tg . (inequality (24)), 
then it is all the more impossible if the true ' te is still 
smaller. 
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Hs + CI2 



odeuri'ljig uiider illumination -of 'a l^lght source 



of great int.ernsity 1 a thermal ;e;x'ilo;sro,n. shall: 

mjEike the :c;pmj>Utation„ Jfpr of ra.iius 

r = 1 illuittijriatea hy a light source ajfa^^ . „,... 

eq^uimol'e cular mixtur e - Hg + 'OTg We that each' jq^uan- ; 

turn .of, light ..ahsorted. (in the:.;, port. i-pn^ p^^^^ fro.ia- 
blue to de^ep: ultra-wloie giyea rise to ■a.^rea^^ chaiii: 
of from 10^ to 10® molecules of , HCl in liength. -.Under ; 
conditions where the Eg and Olg are not especially puri 

fied, no fewer than lO'* inoJLecules of HCl " appear from the 
aWoirption of one (juan-tum,- . if . is the number of^^ 

quanta ai) s orbed' per uiilt-. 'ybiume ir = lO^ aq o¥ ij^- s a/w ' 

■ n^:^.0^^^' .^v • / . : ■■ ■ . . • • 

"Sot a cylindrical vessel (taking ^Hg+Clg ~ ■'•'^"'^ and-: 

the sj)e«5"if ic heiat of a''uuit volume c = - — 

2X10 

.tgir..-S£ — - — : — ' ^ ' ~X).5. sea - 
. •. .^S.*.? ^, 6..7X2X1C xlO 

Che activation energy E for the phot oxhemical reec- 
tion is well known and is e^ual to 6000 ca'lprles;- (J = 
22,000 calories, For seif-ignition, ' it^is ' neis'es.sary that: 

tj. ■ QSe ' ■ , . V' ■ 

the condition x— =' be sat i sf ied" or , substituting 

• *e ■■ OETjj ■ -y . V . 

r,•„ma^^A = 1 -b- "^^i- . .lO?^^- ■ ■ . 2 . 2 X 1 6* k 6 X 1 0? X 2 > 7 ' ■ ' • 

numerical values j \. ' rs — whence- = 

:no 0.5. . 5)^2:(300) " 

5x10 - quanta absorbed per' secoid centimeter. 

■ The 'photochemical selfi-ignition of .Hg + 01;^ occurs /, 
approximately at these light intensities. Heiice in this 
case . the .. self-ignitioii is thermal i:?. . ch^ract.eir • 

As another example, let us teke the "case of ■ the dis— ' 
placement of the self-^ignitibn limit ■ of an bxplosivo' Com-, 
pound. under the action of ultraviolet ' light , Plotting 
the pressure ■ against the 'temperature v -itho-vself^ig^ 
region of an. explosive mixture is found to have a peduliai?.' 
character entirely different from the cases. . considered- . : ■ 
abovoi (Sec fig. 8,). :.TogGthor with;a lower limiting - 
pressv.re, there is an upper limiting pressure., above which 
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no i^jailt-ionj 0;C^^ givenrt emp^rature.. Jl large, nun-*; 

"b.er of oxidati.P:!^ rga^ct ions and some decdntposiAion. r>a.c- 
t'i'ons. p:osse:ss thi^^^^^^^ reaction velocity, slightly- 

Tjelow" the idwe'r ! li'%,t; a slightly, aTJoyei the ujpper. limr 
Is .sufficient' f or hot to Tjo. ..saib Vsf^^^ . Wo . 
are thus iifere conj^ibohted"" with , an ignitioh procbss which is 
liof of a ' thferinal character . Ihese cases of •chain": reac- 
tions arc fully do scrihcd hy the chain-react i'bn theory and 
lie "outside- th.©'-B.cope of our present article;^ ; 

Oh. illuminating an explosive, mixture with ^Itrayiplet . 
light of very' short -v/ar© length. (1400 , . .to 1800 J?,, a photo-, 
chemical .reaction.; occurs. She light - dissociates' the oxy- 
gen into atoms which start the chain reaction. According 
to Ifaltandyan's results (.soon to he puhlished^i which we 
shall make, use of in what follows the length of the chain; 
that isi the numher of molecules of water for one atom of 
oxygen, taken as ectual to u^ity. at room, temperature , in- 
creases to two times .at 350 , and thergafter "begins to in- 
crease rapidly*. In tho range from 410 to 4G0°,' this in- 
■ ■ • _ E 

crease takes place according to tho law o '^"^ , vmere tho 
energy of activation S = 30, 000 calories. Ihis occurs in 
the ease vrhere the light intensity is sufficiently small. 
On increasing the light intensity the length of the chain - 
starting from a certain temperature - "begins to increase 
more' rapidly than kt. ,t'he small, intensity, and when it 
reaches a cert9,in critical Value at temperature T, less 
than the . self-ignition temperature (for a given pressure), 
photochemical self-ignitipn occurs. The greater the light 
intensity the lower the" temperature at v/hich the ignition • 
occurs, The region of ignition is displaced to the left 
(fig, 8, curves 1» 2ii S. in succession) , the displacement 
increasing vrith the intenisity . • There is a widely held 
view , tha.t : this displacement is associated w^ith thermal 
self-ignition occurring at large light intensities. The 
analysis here presented by Ilalbandyan and the author shov/s 
that. this. is not the case. 

As v/e know, 'for thermal self-ignition it is necessary 
that t^/te should not be greater than QEs/CRTo . from 
the data of Halhandyan , it is knbtirn that in the mixture 

+ pg at an 18-millimeter pressure and under illumina- 

tion,'self*^ignition occurs, at' T .- 434° 0 (i.e., at 25 0 
below the value in the absence of xllumination) . At a 
temperature 1° lower (than 434° C) the measured reaction 
velocity .corresponds to t^- = 66.6 seconds .. The tests were 



NAOA Technical Hembrandum Ud* 1024 



31 



conducted In a. cylindrical pipe of radius 1.12' centimeter s'. 
The specific he'at of the mixture 2H3 +' 0^^ under these " 
conditions is c= 3 X 10~®. The heat conduction coeffi- 
cient of .this mixture, accordihg to tffhulated data, is ...... 

23,73 X, ip~'^ at' room temperature. Taking account of the 
increase in the conductiTity with temperature , we may as- 
sume ^4340 = 47.5 X 10""®.. According to formula (2l), 
we then find for the time t J ■ . 

f cr^ 3X10"^ XI. 23 • , 

*a T ~ =rs « 1,4x10 sec 

5.7\ 5.7X47.5X10 



Thus. -E- = 4.7X10* ; the heat Q =• | X 60,000 = 40^000 
"e 



whence, taking the activation energy for the photoc.hemical 
reaction, E = 30,000 and the molecular specific heat 
0=5, . „ . 

QEe _ 4.7X10^X5X10^X3.7 _ „ ^^^^a 
OETq* ~ " 5X2X5X10^ . * 

Qj3e t%. 

Thus g- < < x^, that is, the photochemical ignition 

CUTq te 

of the mixture 2^3 + Os as well as the thermal self- 
ignition cannot arise from any thermal cause and must have 
an .entirely different origin. 

' TTp to the present , we limited our analysis to the 
critical condition for self-ignition and said nothing as. 
to hovJ" the temperjiture and quantity of reacting substances 
vary vrith. the time. We now, following Todes (reference 4), 
"briefly consider this question - first making, the simpli- 
fying assumption that the reaction yelo.city does not 
change with time but Eiemains the s§ime as at the start. 
This assumption is not of course strictly true since the 
number of initial molecules decreases with time, but as we 
shall show below, the assumption does not lead to any large 
error in the computation. The equation determining the 
time rate of change of the temperature of the gas will now 
be ■ \ . 

. : . ■ ■ ,-. .-. , , ^ 
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At .pressures Tjelow the critical this equatioji leads ,to the 
gradual estaMishaent of the. steady temperature '5! ts Tq + 

In the case where the pressure is considerahly ahpve 
the critical, the second term on 't]ie' right side of- the ^ 
equation may "be neglected and the equation - • 

dT _ k a^^"^^ Q. e"'^^ ' 
dt " 0 

can "be integrated. 

She integration of the aljore equation gives a charac~ 
teristic curve of temperature variation v;itli time. Figure 
9 shows the solution for a monomolecular reaction with 

constant k = lO-"-*, ^ = 40, = 25. As may be seen, 

for a relatively large time interval (2 to 3 sec), the tem- 
perature rises very sloi/ly until it reaches the value 

+ ^ — — gi— - the pre-explosion heating^,. Beyond 

that instant, the further rise in temperature up to the 
Value corresponding to the explosion temperature.. (a few. 
thousand degrees), is practically instantaneous or, more 
accurately, extends over a negligihle fraction of. the .time, 
interval t. After the entire original product has "been 
consumed the gas hegins to cool. The curve in figure 9 
is discontinuous since it is naturally impossihle to lay 
off on the same ordinate temperatures of the order of a 
few degrees and a few thousand degrees. Ih.e tiiae tj , from 
the start of the reaction to the pre-ez^plosi6n heating is 
called the period o.f induction. It practically coincides, 
v/ith the time from the start of the reaction ,to the explo- 
sion; !the latter.is easily measured' experimentally. . I^or 
tj^, Todes found the approximate expression 



'i = ' ^ E - 



3 



SQkaVSI. 

Since is a small quantity, not exceeding 0.05 for 

these cases of interest to us, —r-^- is also a small quan- 
tity of the order of gg^QQ - 0.1 or less, .-g.^^ is of 
the order of 0.01 to 0.001. Hence tj = 0.01 - 0.001 tj. 
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is tie or i^r of magnitude of the iiiduction period, i&ecell- 
Ing.now the relation rt-. < te» "^^ have tj; < et-» 

In the neighborhood of the critical preeeure , t ^ increases 
several times hut remains the same order of magnitude, 

Ihe ahove considerations lead to a vwry important re- 
sult. Since from the start of the reaction to the end of 
the induction period is OiOl to, 0,001 of the reaction tine, 
at-'the instant cdT an ahrupt rise in temperature • or at the 
instiiit of ea^losioii the time is not suffltoient' f'or more 
than 1 percent' of the suhstance to undergo change. This 
circumstancie fully justifies the assumption that the reac- 
tion velocity is practically constant- up to the very in- 
stant Of explosion. It furthermore juistifies not only bua? 
computations of the induction period hut also' our previous 
computations of self-ignition point since we everywhere as- 
sumed that the numhfer of reacting molecules at the instant 
corresponding to the point of tangency of the heat conduc- 
tion straight line with the curve of heat' liheration re- 
mains the same as in the initial gas. 'rS' or,; this reason, 
any more complicated' consideration as t:0 thfe ex-plosion , 
conditions hecomes unnecessary for thofee case's of interest 
to u-g , 

Ihe case is very different where the reactions are 
associated with small values for B or Ci, v/here we no 

longer have the typical explosive process. If the acti- 
vation eaergy is very small and the reaction occurs for 
each impact of the particles, it is not possihle in gen- 
eral to prepare' such a gas for' if we have a reaction he- 
tveen two gases, v/e cannot mis them, Ihey. will .burn at the 
separation .boundary on mixing. This is' the. case, for ex-, 
ample,, in mincing sodium vapor \i±th chlorine. If the ac«-. 
tivation . energy- is small hut the ,r;eactio'n/..velocity. is npt 
too. great,., the heating- AT will .he very largis. arid t.h.eria . 
will. he. no, q.uantitative difference betvr.een. reactions' ocr... ' 
curring' beiow or above the aicplosion iimit , . ';. ;. ^. ' 

At small values of .iE. the abs'enoe . of. a sharp bound- 
ary between the steady and explosive states is associated, 
with, a large increment AT. . and means that even -at a l^rge 
velocity,. t,hp,^,reac^t ion i-^^^s till in the steady state. In 
the case of small, yalue^^ of li^, oh the .other hand;,.., the, ^ 
. absence of the sharp .boundary is due to the fact that high 
temperatures; .cori'ospond to the explosion condition^, ao" 
that. the . reaction velocity' is high up to the '^tlJainment ' of 
thiese-,. ,,temp.eratures. , 
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¥e should , the3?ef pre : consider . as typical explosive 
gases, those which poasese, simultaneously a high valiie of 
ft , (20, 000 'of more cal/aol) and a high thetmil-- sta^bility; .. 
against decomposition - that- is, a high energy of activa- 
tion E (20,000 cal . or more) , All the. results: Ohtained , 
"by us are applicahle . in practice to. th^se typical explosive 
gases. It is necessary to note, moreover, that a small 
value, of makes the explosion nontypical only in the 
case where the velocity of the m.ctnomolecular or hi.molecular 
. reaction is- associated with an. abnormally small constant k. 
When this is not the case, (when, for. example, for a "bimo-. 
lecular reaction- k = //Srra^) the small value of the acti- 
vation energy does not prevent any sharpness in the explo- 
sive conditions and does not mask the explosion phenomenon. 
The differeaioe is only that the explosion occurs-at very 
low tempei'atures . 3?he value E/BT remains large in spite, 
of the relatively lew value of B. 

So the above cases belongs-, apparently, the explosion 
oT EBr with ozone,, which reaction is quite sharply defined 
but oacurs at a temperature of the order of 100 0, or the 
explosion of Hg with fluorine. ^ For the case cf a small 
value of ft. with normal B, the distinction b;etweea the 
explosive' and the stationary reactions, becomes less sharp. 
In the work of lodes and Melentyev " (reference 4) an accu- 
rate analysis (by numerical integration) is made of the 
character of the phenomeno:t]i for monomolecular reactions 
(with the constant k » 10**). 

^ . ■ . 

Ve present two curves showing how the reacting zxLh— 



of. reacting molecules and a the initial): l) ease of 
large ft (typical explosion, fig. 10) , and 2) case of 
small ft (fig. 11). These curves v/ell illustrate the 
above qualitative considerations. ■ Pigu^e 12 shows the var- 
iation of the temperature with the time corresponding to 
the same conditions as for figure 10 (typical explosion) . 
Ife see that for a typical explosion a change in pressure 
of P»2 percent near the self-ignition limit qualitatively 
changes the picture, of the process.* ITothing similar is 

*Here ja = xS/Oav, tha:t is, inversely proportional to the 
pressure p. .V7e see that for large' ft on changing (Ji from 
6,84X10* to 6.8^5X10'*, ti8.,5on changing the pressure by 
0,14 percent,, there is a sharp change in the picture of the 
Combustion process. Por p. equal to 6,83x10*, the reac- 
tion is slow, while' for a value 6.84X10* after as certain 
induction period the rate is several times mulilpiied (e::- 
ploslon). • 
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o'bserved di:, . the:, case «f . sme-il C^;i ( fig;; 3.1; f igure s at " i .' .• ' 
curre:s' gl^e;rthe^ values-; of i^y. r - ■ • 

Wi th the . above . we: laoncludeS the" tiepf y ijf :t-he^».&l*'B:^^^ 
ignition for simple reactions and pass on to the. consider-,- 
ation of problems connected with thermal eicpldsibn for aufro- 

It has 1bie,en shown , .tiiat,, f or , pre ssur es. hey.9ad^,-^>ke " crit~.! 
icai. the induct,lpii period is generally y&ry small and is . . 
measured in timp s of - the or der of 1 s6 bond . In many base a , 
howe'Srfe* , ■"■ *(h©.'- ■■¥al«'-.le$i-lt-i&a'-'>oc'cUr'iB ' iirltfc-^ a coaside'ra^ly-' ' 
larger lagrperipcL". T-hus-*. for ex&mple, the^ .self-Ignition, ; 
of a- mixture-, of- methane rj/itih oxygea. at s-. te?»ip«rat.ttre, of 
730 . 0 , |uad, pressure of , 40 miXlimetprB, occurs wlib a I'^g of 
4 ninutbs/ 'The s^iae ordWr ef ri^jgnit-Cide of ' indlictibn' peri-; 
dd is observed for other hydrocarbons and the oxidation of' 
carbon sulphide, "^h;^drogen sulphide, and the decompositioa' 
of 01^0* Partlcuiarly large ignition delays are' observed' 
with litiuid' aad solid explosive materials of tea me^surfed 
in 10*8 of minutes and even hours. According to the re- 
sults of- fiaginsky • and his 6owo#kers (refereace- 18) on the 
exploslbn of' triaitrbtdl'deae • and hitroglycerihe' ia closed 
flasks, the igaitiba lags sbmetimbs reach 5 to lO'hburis^ ■'' 

A study-of the kinetics of these reactions* shows ■ 

that tliey are all auto catalytic, that is, the reisictlon ve- 

lociijy as a fanctibn of thb quaatity of reactiag substance 

x - in the first stages of the chemical change; is described 

by the ec^uatioa ^ <s ijp±^'- b.^ where ao is the number of 

dt 

molecules of the final or intermediate product produced 
per second per unit yoluiflie, Ehese may be pr6duc<6d"aB a re- 
sult M>fbimoiecuiar or mbapiioleeiilar reactions bir as a. re- ; 
suit of a heterogeneoua'prbdess^ la the na jbrity 'of /csdses' 
no is very small and may be aeglectbd for large values bf 
qp, '• If however , ;■ we wis'l^ x; or v '^,s;'a. func- '■ 

tibii bif "the tiE'me, ^;hen it-is iiecessarisr' to kapy' -iQ '"'etiice--'' 

the iategratioa of the eguatipa^ives ■ . 

X - (e^' - 1) aad = aoe"*^ (26) 

The coastant itself decreases as the reaction 

progreisseis j due to the 'decrease in the ' ^uaniity' of ^initial 

The theory of these phenomena was develbped'^at the Ifl;sti- 
tute of Chemical Physics. For bibliography, see reference 
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suTj stances, -In a. par,ticular case cp « % (a ^r' x)^^^ Her© , 
the reaction velocity as a function: of x Is- shown in ; 
figure 13, and as a function of the tim© by the curves of 
fi^rei' 1-4 V where fi; 3 , 4 - correspond tb ' the. pr 

If, for the occurrence of thermal eixplo'sioh, it is ' • 
necessary that the reaction velocity should reach a certain 
critical valtte WppV - then at- ' explosion 

occurs after time' Tj i^ • for. pres>ure : p^, ifter time Tg J 
for pre sgure P4 the , explosion .will in; .general, not,, ocqur . 
The mlnimufii'^ pr.es sure at *;hich exploei bn is ' pbsaihle vrill 
P3 » this pr e B sure cor re spends ■•tb? the- maxisaum po s- 

sihle las T3 • -' Thus in these cases the jLhdubtlbn" period 
is . conne cted, not vrith the- heating of the mixture Wt v;ith 
the time necessary f or the igotheriaal,. rea.ction .to. procjsed 
up -to a point where an explosion is posslible.. .. or this 
reason the induct ion peri od can "be grejatiy;. pr,olongedi, 

: We shall .now express .aathematieally . the s.elf.rignition 
conditions for a give;a case, limiting ourselves to the 
firpt . stages of the reaction (X.p.to 20 percent), for which 
we may assume «p as a constant depending on the q^uanti- 
tie.s of initial substances and on; the : tempera.ture . Gener- 
ally the, constant cp is proportionar to the first or 
second power of the pressure of the Bixture.or, what amounts 
to the same thing, to the number of molecules of the. initial 
suhstances per txnit volume, and increases: expoaentialtLy with 

the temperature according to the law e ^ . Ife limit our-., 
selves fur.ther: .to. those cases J for , tlie time constant 

t|e ! (o^ tl*« order 0,01 to 6,i5 sf 9) is ; small . in. cbinp 
with the time of autocatalytic acceleration of t^e react. '.on, 
and.may he neglected,,.. IJnder these assumptions the entire 
theory developed above remains valid except 'that in place'. 

■ „ jL '' " ' " 

of- ica°e tre must have in the formula 

':; e f a^ X e ^''^ + n© = cpx + ftp 

Thus, ^ for example, on the assumption pf , conductive 

he.at transjfer for a. cylindrical vessel, the critlcjal co.n-. 
dition (formula (1,6)) for self-ignition will "be .... . 

'^^^ EsTli ^ ^^^^ 
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■ • i'ro^i't-iEe •al)6v'e- equation, Itnowifig'-' n aad <p fa'^a 
we laay conput© x, that is, the 6*tfeni;' df the dhemical 
(rfxange bef or 9 explosion occur s ... A .pa^^initude generally of 
greater interest is the lag' interval , S/liich Ts easily 

uPDd experiment ally iv. As we-faave aeen» x s:'-^ (e'^ ' 1). 

ST?.l>^titTxHar;Jt'h In'formulii (!27), we oTjtaiiii , 

Sr 

where .:-T i« the lag Jbef ore. explosion: occurs,; whencfee : f; ; , . 

P:^434>T;+ lg^|£^^.= ig.||M^ = . const ' :A 28) 

since v;9 neglect the weak iiependeace '9? . a' .on the jiir^ssure 
and teirperatnre, 

•.l!he .magnitude ! -g^^.g g.lO^^ wh..?no>9 the 

constant «10* In the case of small -or example, 

less than' 10®, Ig « 2, 3* or smaller n^, for exan- 

' 4' no 0 : 

pie 10 , Ig jj^fi^ * - 2. We see that for a variation -in ' 
. -0 

n^ hy 10* times 0,434 qpT varies only "by 30 percent - 
ahout. the value IQ, Thus in this case we may assujae 
that on changing the pressure and tcaperature ' within ^ 
sufficiently large interval, 

- , f-^ - E_ 

. ■^ ^ <PT-'« ifTa'^e = const; . ■. (29) 

Hence for a constant" pressure the relation hetxireen 
the lag period and ■ the. absolute temperature should satis- 
fy the- relation ■ , ■ 

where - ,''';i.i^.itxi.ii ,i-.-;„,;..'..^ ' 
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, , At, constant temperature and. with ohayigje 4.n^ presgure , 
ve must, hay e the. relgitipii ',. _ ,. . , . ,. 

In. ihe ease of autocatalytic do.compofflt ion.;: of ..explore, 
slv© . materials, .. only , fehe temperature may change and only ., 
relation (36) must hold. Tlie cbnstknt liere will naturalls*^ 
"be essentially different for gases under other conditio^i's 
of reaction.;.. -• ■ -. '^ 

Poraula (30) was first estahliahed "by Ecginskry (ref- 
erence 18) and his coworkers for trinitrotoluene and nit».o- 
glycerine in closed flasks. (The use of closed flasks is 
^ipjparently necessary to. prevent, ..splashing of ■ the autocata- 
lytic products.) Figure 15 givea'-'the results of Eoginsky 
for trinitrotoluene. The energy of activation for this 
suhstance wa?. f <J.und. to . he 27»p00 calories, ^nd for nitrfi- 
glyc^rinie , ■ 2^, 700 caioi'iies. ' 

After ve had developed the theory of the induotiOTi 
peribd, Garner and his coworkers "(reference i9) carried 
out a numher of investigations on the decomposition of 
crystals of solid explosives in evacuated retorts, sttidy- " 
ing hoth the kinetic process and the relation hetween the 
explosion lag interval and the tempeiratur^ . ' It waia found 

that the law w = noe^* = 10^ ' ■ aw^^ies with good ap-^ . 

prpxtmatiofi to the. first . stages (20 to 30 percent) of the 
decomposition for a liumher of explosive suhstances (lead 
styphhate, harium aside, mercury fulminkte) . It was found, 
on changing the temperature "by 50° C , that the value ' pf Uq 
was practically constant. The value of cp vafiei^ with 

the temperature according to the . law e ^'^ . The activa- 
tion energy 3 is eq.ual to 40, o60-60;000 calories for 
lead Btyphnate and 30,000 calories for mercury fulminate. 

The relation hetween Ig T and I/Hv&b found, in v 
agreement v/ith the theory, to he linear - the energy of 
activation B , computed from the constant A for lead 
Btyphnate, heing equal to 39,000 and-for mercury fulminate 
30,000 calories - that is, practically the same as for the 
magnitude cp as should also follow from the theory. 

lor comhustihle gases this type. of investigation of 
the induction period was unfortunately carried out only 
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for the easd of oxidation of metliana'at high temperatures. 
The oxidation of methaJie is an autocattalytio reaction sat- 
iefying the law ,w ». n^e^'^^^u^^ percent of the 

pr 0608 8. Formulas (30) and (3l) were, checked Tjjr He 
and YegoroT (reference 20) , who showed that the relations. 
^ B. - 

Te «= const was applicaT?le *lth a, large degree of ac- 

curacy. On figure 16 is shown the plot of Ig p against 
l/E experiaientally ohtained for various pressures of a 
mixture of methane with oxygen, ffihe activation, energy 21 
is e^iial' to- 90j000 and the exponent n has nearly the 
value 2. Kinetic tests conducted /by Bone (reference 2l) 
and Hlnshelwood (reference 22) (at much lower temperatures, 
hoi/ever) give for the constant cp values near 

It is here necessary to note the relation "between 
Ig p" and l/T for constant lag interval and the same re- 
lation applied to the ninimum explosion pressure for each 
given temperature. In the first case (constant T in the 
initial stages of the reaction) 

Ig p » 0.*^ + 0 a 4 + 0 (52) 
nil 

for methane " "" - ^^ = A « 10,000, In the second case the 
coefficient of 1/2 is eonewhat different. 

In the initial stages cp increases with the nualser 
of molecules in the vessel (and hence also with the pres- 

■_ E 

sure) according to the law w = cpx = f a^e . Yhen the 
(iuaiiti;t:y of roacting substance is largo,- cpx = 

f (a - x)* X e or f a (a, - x) x o"k^ -(the latter in 

a case where the total pressure of the mixture is impor- 
tant as, for example, for chains hreaking at the wallis) , 
Corresponding -to these the maximum velocity of the reac- 
..tion will: 'ho' 

.-■:;■■;*■:■■ ■ • JL ■ 

In any case the maximum velocity will Tdb'- proportional 
to the cube of a and hence to the cube of p. Eence by 
the thermal explosion formula 
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........ ... i> ?a - ^'^^^ + 0 « • ■ 

or, a^pproximately, Ig ~ ^g|^'^ + ; «r;, in. the. general 
case, ibr any value of n: 

5hus the temperature coefficient of the minimum explo- 
sion pressure will "be less than the temperature, coeffif 
cieht of the explosion pressure at eon.staut^ lag interval 
(corresponding to tests with small pre-'s.xplosion;- heating) 

in the ratio — ~~T • In particular, for methane, for 
n + 1 

n » 2 this ratio will Tie 3/3. If the value of A in 
formula (32) is equal to 10^000, then for the coefficient 

2 

Aj, there is obtained the' value A^ = ■3 A ^ 6600. 

Zagulin (reference 6) experimentally determined the 
dependence of the minimum explosion pressure on the tem- 
perature and oTitaiued straight lines similar to those of 
figures 6 and 5. ffron these curves he found Ax = 7000, 
that is, a value very near the computed value 5600 » 

SChe relation 0.434 q>T = const was derived on the as- 
sumption that. Ig 1% was at least half P » la In 

the case that this magnitude is near the value of P and 

ilq itself changes with the temperature, the relation 

cpT = const ceases to he valid and it is necessary, to make 

use of the relation .cpT + In = const or approximately 

. 0.454 <pT + Ig n^ = consf « 16 . (34) 

(since Bo is-proportional to Tq to a power higher than 
the second) This formula must "be used when Ig n^ is of 
the sane order of magnitude as the constant, that Is, Ig 
is near 16 when 0,434 cpT is considerably less than Ig n^ 
The relation may he rewritten in the form n^B^"^ = const. 



Por small values of cpT, corresponding to large , 
we obtain . a s^econd .limiting expression: 
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noe*P^ a-Q ^P"*^^ = coast : 

or 

that is,; v;lth iacreasiag temperature (pT, v d 

in the limit, when n^ is very large, cpT may in gen- 
era,! l>e neglected and the explosion will occur without any 
Iftg or, laore accsurateiy, with a lag determined hy 

Ihe velocity, w for t = 0 is e<iual to np. If no, 

is so l".rge that a thermal explosioa is posslTJle,, 
there i s no necessity for a self-accelerated reaction as a 
result of autocatalysls . This apparently is the fundamen- 
tal reason for the considerahle lowering in tixe self- 
ignition temperature on adding to the corahustihle mixture 
very snail quantities of certain active compounds of the 
type HOg . These additions, hy reacting on the combust i- • 
"bles, oongiderably raise the rate of formation of the final 
or active products. On increasing . n^ , the value of cpT 
drops, hut since for a given teinperature cp is constant^ 
there is a considerahle decrease in the induction period... 
0x3. the other hand,' keeping T constant we can, hy the ad- 
dition of an active compound, considerably decrease cpi 
that is, lovfer the explosion temperature. 

II. IGjriTIOH BY IIEANS OF HEATED SODIBS 



Before proceeding to the computation of the ignition 
temperature of comhustihle. gases ignited hy heated vires 
or small spheres, that is, hodies qt dimensions such as are 
employed for this purpose, let us consider, following Zel- 
dovlch (report to be published) the ignition conditions 
for a gas contained between two parallel walls, one of 
which is maintained at a high temperature T,^, and the 
second at a low temperature T^. In order, to exclude con- 
vection, the plates are assumed to lie parallel to the 
ground, the plate at the higher temperature being at the 
top. The problem is that of finding the minimum temperature 
Ti of the hot plate at which (with the other plate, at room 
temperature Tq) the gas is ignited. 



The reaction velocity as before will be assumed as 
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equal to w = ka%' and the qttkJitity of heat generated 

B 

per second per unit volume ... . ■ •«.; 

On account , of its ©acppnential dependence on. the tem- 
perature the r'esi'etioh wlil take place mainly near the hot 
wall so that the linear drop of the temperature with dis- 
tance froa the upper plate will not hold true. Ihls da- 
crease- in the temperature gradient near the hot wall tirill 
"be greater the higher the tejQperature since the' reac- 

tion will then "be, more energetic a.n^ more he^t will "b? lih- 
erated. !Dhe .corresponding temperature di strihut ions . for 
various values of Tj^ are schematically shown in figure 
17. I't was shovm rigorously Tjy Zeldoyich (and qualitative- 
ly 'demonstrated hy van HEoff) that i'gn occurs at that 
temperature '&t which the temperature gradient 
(dT/dx)x=o 4ear-the hot surface becbmes equal to zero or, 
otherwise exprjessed, at which the plate , does not lose heat 
and all the heat flowing to the cold, plate will Tse gener- • 
ated' "by the reaction taking place iu. a relatively narrow 
zone i near the hot plate* 

• We shall compute the quantity, of heiat generated at 
Tx» hear the ignition temperature, that Is, when (dT/dx)^ 
= 0. As we shall see helow, the distance | is about 10 
percent of the distance d "between the plates, and thus 
the gradient dT/dx for x > | will not only be linear 
as before, but its" magnitude also will differ from (Ti-Io)/! 
by not more than 10 percent; that is, the same gradient that 
would be obtained for an inert, nonreacting gas betv^een the 
plates.. We may therefore assume that the flow of heat 
through 1 square centimeter at x > | *ill always be . approx- 
imately equal to q = X ^ where X is the conductiv- 
ity for' a hot ga-s. 

The equation for determininig the temperature distribu- 
tion with account taken of the heat generated by the reac- 
tion is • - 

• X ^ + ? (T) = 0 - (1) 
dx^ 

'--1-' 
" ROD ' 

where r(5?) = § ka^e . Hear the hot wall tSe difference 



Ij^. - T is small -la conparl 8911 with Ij^t aad /^e aajr set 

■ .1.,., aTCgi-g > ^" :)''":'":;:: \ " 

• B HTi' ' " ' ' ' ■ - - >f ... 

a ,as •.e(_,S3?i whence : . ,-,.r, ■ 



Integrating this equation for the condition \^^;^^' a'O 
(ignition condition) and TaeaQ " Ti , - ve -ottarin:- 



dx J . . .. ^3 



1 - e ) (3) 



. J^QI.. 3 . 

She masnitude —^-rt. as we have already seen; generally 

do^.s not exceed a few tens of degrees and hence is always 
less than Sj. - Tq* 

jj^j 3 

In changing - 03 from ■ 0- to - ■ ■ •3 ' " t the variabl?* 




quantity xmder the root sign (1 - e ^ jvaries from 

' SET ^ 

0 to 0,63 With furtSier/iincrease of Ti -..E 'tp., r-|p— ».. 
this magnitude increases almost to 0.^9, sand furtheir on re- 
mains practically equal to unity, 

Vel -'see. th&t- the 'greatest part of the increase 6f the"; 
gradient' ^ aiready;.>nde;. at-'" T ." " ' i that'" iisi 

that the main pdrt of the reaction ls concentrated iii this 
zono, ■ Further on-; tho. gr.adl©4t.-iinai;ntains : practically ■ a con 
St ant .'- value ^. ■-- ■ r.;:?-:. - ' ■ , ..; ■ i .. - : 

- ■ 'jhi, '.J.'..::::;: , :L U^. 

.. in. a.ccordp,n,oe, with . thoiaTjovo , wo may-, equate . this -gra,r^ 
diont to (li - Io)/d» whonco"' — . 
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which gives the ignition conditifiri conn© ctlng the- dlstattfeb 
Tsotwoon the plates and the gas pressure p with the igni- 
tion temperature 2^ ; ; 

Iho width of the zono | • within which the . greater 
part of the reaction takos place is detcrminod "by intograt 
ing oqueiti.on ( 2) . whore , as a, fir st approximation 



V 1 S , • 



We find 



She ratio 



(7) 



is a magnitude of the order 0,1; that is, the zone within 
which the reaction occurs is oehsidera'Bly less' thj.n' the 
distance "between. t:he . plates . 

Ve now pass on to the consideration of those cases of 
Interest to us -r; that is ,- ignition of the gas hy small 
heated hodiea; namely small spheres and ..wires. Let the 
sphere of "radius - p heated to 'temperature .Tjo placed 

at the "center of a sphere, of Very largo radius R (E >> p) 
which is filled with the reacting, gas. By assuming that 
the zone within v/hich the reaction occurs extends to a .. 
distance from the surf ace... o'f the. sphere very much less 
than, the radius of the sphere. .t.Jib prohlom, to an accuracy 
sufficient for our purposesV is reduced to the parallel 
plate case Just considered. The ignition condition as ."bo- 
fore wiirho (dl/dr)ps3rt = Oi The reaction zone, will ox- 
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tond froa the , sphere surface to distance 5 which, ns he- 
foro, is exprogBod hy the. formula 



5 ~ / Br.((i>i) ... , 

The flow '.of hoat through unit ."bounding surface of the 
reaction zone is approximately ^iven "by formula (4) alnca 
heyond ...the "boundaries of ' | the heat from the reaction 
may "be negled'ted, TiLe integrated heat flow through the 
closed , surface of radius , r » p + { will ibe . 



4tt (p+ D q[ = 4iT (p+ I) y ± — 



(8) 



Ihic is equal to the flow through any other surface of the 
sphere of radius r, 

Por r > (p + |). where the reacti.on may "Be neglected 
the temperature diatri"butl.on Will not be different from the 
temperature distri'butlon in the nonreacting gas except that 
Instead of the sphere of. radiua p we must talce a sjiher.e ^ 
of radius p + | since the teiap,6rature drop in the small ' 
reaction aone Itself is negligi"ble. 

Ihe temporaturo distribution a'bout 'the sphere of radi- 
us p + I heatod to T ss with the temperature at in- 
finity Tq will bo 

I _ . - T,) (p * V 

° r • .. 



and the flow 



dr . r* 

The .integrated -flow- thr lough the sphere or^radius r 1b- 

' .■ -471^*3 = 4tt (TV - To) Cp + t)x- ; 

Equating (s) and (9), we«. obtain: e 



47t(p+ 5) y \ = 4Tr(T^-To).(p-|.£) X 



or 
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(p.. e): = . f ^ ig""- (10) 



a3he ratio 7 -r = -7- — „ \ Is less than unity. Let 

U8.\ake, ,foi:;axaniple, 'S-OQ^'^Q. .300° 

30.000. then . ■ '. '" ' ■ ' = i. . ThuB we haye ehqpirn ,t'hat our 

assumptions of the smallness of i comparison with p 

are satisfied within the limits of our required accuracy. 

ITeglectlne t hy comparison with p, we oTatain the 
ignition condition in the simple form 



^JShrlsl^ ■ (11) 



This relation,, connocts the ignition gas temperature T^, 
of the sphcro witia its rn,d,i.us \p.; Cho small.or tho radius 
p the higher tho tomporaturo to which the sphere must ho 
heated to hr.ing ah,,out ignition of .the gas.., 

EenornhGrtng that a^" is proportional to. (p/T)^, we 
ohtain tho relation hotwoen tho critical' pressure and tho 
temperature at constant p 

p 0,317" ™ - A . f . 

- -Tss — E + 0 = + 0 (12) 

that is-, tho oxprp'aslo.a is practic.ally:!ofe the... sano typo as 
for tho solf~ienitlon in a closed vessdl (oq^xations (9) ' 
and .(10) of section I). Thorc aro, unfortunately, no sys- 
tonat.ic oxporijnontal ;data for chocklug! tho'ao relations, 

; The rolation; -hotwoon p and:'. T j may .J)e ,-givon in tho 
following formj 



'1 - To ^1 A 2.;,.. 

The relation heti/eeh T\' and p for the I'^aition of ' meth- 
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ane, illuminating gae and hydrogen in air vire' studied "by- 
Silver* with the aid' of heated metal, spheres : of i to 5 
millimeterB dlam^ Plotting Ig p/CT^ - 5?) against 

1/4, ihe b^^^ lines. The value of B 

computed for methane-was 40,000, and for hydrogen 45,000, 
The latter value was considerahly helbw that .which would 
have "been ohtalned 'f^i^ cm kinetic data. The' pbsi^lhlllty Is 
not excluded that Silver ' s result s are impaired hy the - 
catalysis on the metal-sphere surface. The presence of 
catalytic action, according to hqth theoretical and ex- 
perimental results, should have a strong effect on the ig- 
nition temperature. As va matter of fact, wires of differ- 
ent materials ignite the same gas at different tempera- 
tures. In particular, for a very strong catalytic notion, 
ignition^ as is known, does not, in general, occur and 
flameleas comhusti on takes place. /JEhlS; Is due to the fact 
that .the reaction taking place at the heated catalyzing 
Bu;rfac.e envelops the last layer of the reaction products, 
thus screening the heated layers from the "burning gas and 
the molecules of., the combustllile "burn by diffusion without 
any flame. It .Is very unfortunate that a pro1>iem; as im- 
portant as that of ignition has, not- yet "been suhjected to 
systematic experimental investigation. Such an Investi— 
gration would permit not only confirmation of the theory 
"but would provide very useful data on the character of the 
chemiciftl reaction by determining .E and n in the for- 

_ -A. 

■ '■ ; n ~ pm 

aula w .= ka e within a very large temperature Inter- 

val ( since "by varying the gas pressure and the wire diame- 
ter from 5 millimeters to Sji. we can vary the ignition 
temperatvire of the. .gas hy a few hundred degrees)... 

It is not difficult ■t;o analyze th? pro.hiem. of igni- 
tion by heated wires (of radius p)ooaxially placed Inside- 
a large cold cylinder (of radius E:» p). 

Seasoning in the same way as for the case of the . 
sphere, *e 'o"btain the following relation "betij-een , p + i end 

\l + p/ In 7 TT- a / — -rr nsr- 

Silver (.cited hy Jos.t, reference 2.): gav:e an incorrect ; 
theory, from which hi.s computed activation energies came ■. 
out half as large. 



48 



HA.CA : T echnlcal Not e ' Ho . 1024' 



which. .for ^ ^ ^XO gives ; In — ? — ^ 2, 

i • . i ^ i. • ■ ■ ■ ^ ' • 

71 '^"T T ,'^7 . , » approximately 

^ ^ + p ; - 3 ' 

p in— rss / L . "g ~ 

■;: ,;■ ; ■ ^ p J 2P(5i)., ail* 

Thus far we haTO considered the cases of purely con- 
ductive heat; transf ei' .■ ' We -shall discuss the auestion of ' 
conveet:ion hecauae there is; a widely held view that hot- 
wire computatitfas hased on the eiiuatlon of heat conductioia 
from wires is- not correct. By the convection assumptioi:, 
the wire is' BUiTouhded "by a cylindrical lakinar gas layer 
within which the heat flows "by conduction and at the "bound 
ary of this layer is at the temperature ' of the sur- 
rotind'i-ae medium,' • ' ■ •' ; ' •.' 

According to the experimental results the conveetive 
heat- flow of cylinders (referred tb unit area of'the c^l-' 
inder) is q = a (Ti - T^) = A. A (T^ - Tq). wlier« A in 

creases with increasing radius p of the wire. The value 
of "the coefficient A according to the theory. depends on • 

the nondimensionai parameter B a ""a ' where d = 3p, 

8 is the gas density, g the acceleration of gravity, 

p. the gas viscosity, AT the temperature drop (T - T^j) 1 
(T is a certain mean Value of thfe temperature between 

Ti and To.) It is found that on changing B from 10'*"® 

to 10^,, the value .of ■; , A increases from 0.45 , to ■ 2,6; that 
is, five times, • • 

We shall compute the value of B for a gas at atmos- 
pheric pressure, assuming d < 1 mm, 8 = 10~3 , jx = IQ— *, 
a AT 

g = 10 , "i- ohtain 3 < 10*; that is, for var- 

ious diameters from 1 millimeter to d a 1, A changes 
from 1.7 to 0.-5 (for r = 0.1, A = 0.7). 



or 



(14) 
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We can now compute, the radius S' . of the laminar 
layer ,withia which the heat Is transforre.d Vy cphducticn. 
Equating the total. flow from » unit length 6f the wire . 
rt'Kk (Tj, - Tq) to the flow o'btained from the solution of . 
the prohlem of the heat conduetioa .jSetween two coaxial 
cylinders,, we ohtaln 

nAA (Ti - To) - (15) 

la.' s— 
P 

wheaco la 51 « |, a = 1.7. In - a:,.i-.2 or 

■■ p . ; . A ■, p- ■ 1.7 . . ■ ■ . . 

B.» = 3.2 p, which giTes for p = 1 mm, H' = 3.2; and 

R ' 3 

for p = 0,1 mm and A s 0.7, la ~ - Q-p^ " 3 and 
R' = 3'5 p ss 2.5. ai..i.' 

Troa formula (14) we see that fox tha radiuss H of 
the outside cylinder, the presence of convection shows up 

only in thst in place of In ~ we have In For 

P P 

S = 3 cm and p = 1 mm In ^ » 3 and la — = 1.2. S'or 

P P 

ps0.1,ma la^BS and In ^ = 3; that is, for the 

accuracy which we require (of the order of 100 percent in 
defceralning the ahse»iuto values and of 10° in determining 
the ignition temper** uro) , it is permissihle to use the 
solution hased on conduction for wires Q;f radius of 1 milll 
meter and less*. 

: We conclude hy, investigating the question of the com- 
position of the comhustihle mixture near the wires at the 
ignition limit. Since the temperatures of very thia wires 
are high, the question arises as t o whether the wire is 
practically surrounded by reaction products as in the case 
of a strongly catalyzing surface. Zoldovich, in his papor . 
(unpuhlished) provides an answer to this question. It is 
■found that tho percent of reaction products in tho gas 
near the igniting surface is always sffiall since there is 
ah in-tehse diffusion of these products. fr.om.,.the reaction, 
Boao I toward the cool gas. W© give tho corrospondiqg 
computation "below . 



The distrihutlon "b of tho aumher of moleculos of 



5b 
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the rejactipn'^roduct s, per unit volume and the tesijperaturo 
distrlitition .hetveen the platen are ohtalned- from the eq[ua- 



t i.ons 



dx* S 



B ^ + w « 0. 
dxr 



Suhstitutlng for the varial>le T the variahl© 
6 = c' ° ■ - and recalling that D = —ft we rewrite 



the first equation in the fbrm D + w = 0. It then 

dx 

follows that "both variahles, 6 and "b , satisfy the same 
equation. At soae distance froa the hot plate T « -Tq and 
"b = 0; thus, for large x (for example, near the cold 
plate). 6=0 and h = 0. At the. surface of the hot plate 

a 0 always- "because the noncatalyzing surface neither 

dx 

generates nor a"bebrbs rsaction products and hence the floV 
of material is equal to zero. When the tenperature of the 
hot plate is near the ignition temperature (and only in 
this case) (dT/dx)o at the hot plate ig equal to zero. 
Thus when we reach the ignition conditions the temperature 
field hecomes. similar to the field; of concentration, since 
6 and "b are defined hy the identical equations and idon- 

■ c ' (T-I )K' 

tical houndary conditions. Thus . 8 » "b or — - ^ — = 

at all points hetveen the plates. If the numher of initial 

Qolecules of the coni£)ustil3le nixture was a, then h will 
correspond to the temperature T deteraiaed by the equa- 
tion' 

• a • a Q ■ 

The magnitude aQ/H' is the total anount of heat generated 
per unit volume duting explosion. Tho magnitude c'(T-Tq) 
is the quantity of heat necessary to heat a unit volume of 
tho gp,s to tenperature T. We nre . interested in the ex- 
tent of comhustion at the v/ire it self i that is, in the mag- 
nitude 

a a Q 
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•— - is tlie heat capacity of a siagle adleoule, — IT the 
heat capacity of a gram molecule, vhence :-±- = * - ° , 





lox = 1300° and Q = 3 x 10* -^ = \, o.l 



that is, 17 percent. Thus, up to very high temperiatures 
the percent of dilution hy reaction products, even at the 
heated surface. Is not large. The same relations as for 
-••rires hold for small heated spheres. 



Translation hy S. Beiss, 

STational Advisory Comaittee 
for Aeronautics. 
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